Doping-induced spin-orbit splitting in Bi-doped ZnO nanowires by Aras, Mehmet et al.
Doping-induced spin-orbit splitting in Bi-doped ZnO nanowires
Mehmet Aras, Su¨meyra Gu¨ler-Kılıc¸,∗ and C¸etin Kılıc¸†
Department of Physics, Gebze Technical University, 41400 Gebze Kocaeli, Turkey
Published version available at https://doi.org/10.1103/PhysRevB.95.155404
Our predictions, based on density-functional calculations, reveal that surface doping of ZnO
nanowires with Bi leads to a linear-in-k splitting of the conduction-band states, through spin-orbit
interaction, due to the lowering of the symmetry in the presence of the dopant. This finding implies
that spin-polarization of the conduction electrons in Bi-doped ZnO nanowires could be controlled
with applied electric (as opposed to magnetic) fields, making them candidate materials for spin-
orbitronic applications. Our findings also show that the degree of spin splitting could be tuned by
adjusting the dopant concentration. Defect calculations and ab initio molecular dynamics simula-
tions indicate that stable doping configurations exhibiting the foregoing linear-in-k splitting could
be realized under reasonable thermodynamic conditions.
I. INTRODUCTION
The use of quantum wires in spintronic applications
is enabled by engineering their inversion asymmetries
in the presence of strong spin-orbit (SO) interactions[1–
7], which lifts the Kramers degeneracy of the electronic
states. Although doping could clearly be employed as
a means for breaking the inversion symmetry, it re-
mains largely unexplored if the spintronic functional-
ities of a quasi-one-dimensional material could be ex-
tended by doping with a heavy element whose pres-
ence usually enhances the SO coupling. The present
study is devoted to exploring the latter, where dop-
ing non-magnetic ZnO nanowires with the heavy ele-
ment Bi is taken as an exemplar. Our interest in ZnO
nanowires stems from the fact that doping them with
a variety of elements is practicable, leading to emer-
gent new functionalities. Controlled doping of ZnO
nanowires has indeed led to diverse applications in re-
cent years such as photodetectors[8], p-n homojunction
rectifiers[9], sensors[10], light-emitting diodes[11], piezo-
electric generators[12], field-effect transistors[13], and
field emitters[14]. Likewise, doping ZnO nanowires with
transition metals[15–17] or rare-earth elements[18, 19]
makes them candidate building blocks in bottom-up as-
sembly of spintronic devices. To add to the forego-
ing cases, we will show that the functional properties
of ZnO nanowires could further be diversified by dop-
ing with Bi, making them candidate materials for spin-
orbitronic[20] applications. It should be remarked that
Bi-doped ZnO nanowires have not been explored prior to
this research as regards the spintronic properties, whose
electrical properties have nevertheless been characterized
in experimental[21] and computational[22] studies which
agreed that bismuth acts as a donor in ZnO nanowires,
despite its acceptor behavior in ZnO thin films[23] and
varistors[24].
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We find, via noncollinear density-functional calcula-
tions that take into account the SO interaction, that
the presence of bismuth as a substitutional dopant in
a semiconducting ZnO nanowire leads to a linear-in-k
spin-orbit splitting of the conduction band (CB) states.
Since the latter facilitates phenomena involving electric-
field- and current-induced spin polarization of semicon-
ductor electrons[20, 25], our finding implies that Bi-
doped ZnO nanowires could be utilized in spintronic
applications. Our analysis reveals that the forego-
ing SO splitting arises from the interaction of the CB
electrons (donated by the dopant) with the effective
spin-orbit field BSO which originates mostly from the
inhomogeneous electric potential gradient of the host
nanowire. It is interesting to note that this split-
ting could not be attributed to the Dresselhaus[26] and
Rashba[27] interactions, the latter being customarily
invoked to describe the k-dependent spin splitting in
quasi-one-dimensional systems[1–7]. Thus, neither bulk-
nor structural-inversion asymmetries[26, 27] of the host
nanowire alone give rise to the SO-induced effects ex-
plored here, which indeed cease to exist in the absence of
the dopant.
We discuss our findings in detail in Sec. III, following
a description of our computational modeling and simula-
tion framework in Sec. II, and present a brief summary
in Sec. IV. In the Appendix, we explore the lowering of
the symmetry in the presence of the dopant.
II. COMPUTATIONAL MODELING AND
SIMULATIONS
We performed geometry optimizations, electronic
structure calculations, defect calculations, and finite-
temperature ab initio molecular dynamics (MD) sim-
ulations for a variety of periodic supercells that con-
tain a host (ZnO) nanowire and one or two Bi atoms
as dopant and/or adatom, using the Vienna ab ini-
tio simulation package[28] (VASP) and adopting the
rotationally-invariant DFT+U approach[29] in com-
bination with the Perdew-Burke-Ernzerhof exchange-
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2correlation functional[30]. We employed the projector
augmented-wave method[31, 32], treating the 2s and 2p,
3d and 4s, and 6s and 6p states as valence states for oxy-
gen, zinc, and bismuth, respectively. Plane wave basis
sets were used to represent the electronic states, which
were determined by imposing a kinetic energy cutoff of
400 eV. Increasing the latter by 10 % resulted in a vari-
ation smaller than 0.5 % in the SO splitting energies
reported in Sec. III. The Hubbard U was applied only
to the Zn 3d states, whose value was set to 7.7 eV[22].
The DFT+U approach was preferred over the standard
(semilocal) DFT calculations because the inclusion of
U improves the underestimation of the d state binding
energies[33], and therefore reduces the spurious pd hy-
bridization in the upper valence band of ZnO. In geom-
etry optimizations, ionic relaxations were performed for
each atomic structure to minimize the total energy E,
until the maximum value of residual forces on atoms was
reduced to be smaller than 10−2 eV/A˚, using the Γ-point
for sampling the supercell Brillouin zone (BZ). Note that
the BZ sampling is virtually achieved through zone fold-
ing since we in practice use supercells made of n unit
cells, as described in the next paragraph, with n > 4. To
obtain an error bar for E owing to the BZ sampling, we
performed a number of test calculations using the primi-
tive unit cell of a host nanowire and increasing the num-
ber of k-points from 4 to 11, which showed a variation
in the energy (per ZnO unit) smaller than 0.2 meV. In
electronic structure calculations, spin-orbit coupling was
taken into account by utilizing the noncollinear mode of
VASP[34, 35]. Convergence criterion for the electronic
self-consistency was set up to 10−6 eV (10−8 eV) in ge-
ometry optimizations (electronic structure calculations).
Ab initio MD simulations were performed at temperature
600 K with the aid of a Nose´-Hoover thermostat[36], inte-
grating the equations of motion via the Verlet algorithm
with a time step of 1 fs.
We considered a variety of atomic configurations
within the supercell approach, including the ZnO
nanowire with (i) the Bi dopant substituting Zn at
a surface site, denoted as [(ZnO)N ]n:BiZn, (ii) the Bi
adatom, denoted as [(ZnO)N ]n+Bi, and (iii) the substi-
tutional Bi dopant together with a Bi adatom, denoted
as [(ZnO)N ]n+Bi:BiZn. The primitive unit cell for a host
nanowire, which contains (ZnO)N , is cut from bulk ZnO
in wurtzite structure in such a way that the wire axis
coincide with the [0001] direction of wurtzite, and there-
fore has a hexagonal cross section. A host nanowire
[(ZnO)N ]n is constructed by combining n consecutive
unit cells; the supercell length L along the wire axis is
given by L=nc where c denotes the length of period-
icity along the wire axis. The symmetries of the host
nanowires employed in this study are described by the R
70 (p63mc) rod group[37], which means that the undoped
[(ZnO)N ]n nanowire has the same (C6v) point group
as bulk (wurtzite) ZnO. The incorporation of the Bi
dopant and/or adatom eliminates these symmetries since
no symmetry elements are present in [(ZnO)N ]n:BiZn,
[(ZnO)N ]n+Bi, and [(ZnO)N ]n+Bi:BiZn.
As for the adatom configurations, we computed the ad-
sorption energy Ead = E(nanowire+Bi)−E(nanowire)−
E(Bi), where E(Bi) denotes the energy of the Bi atom,
and determined the lowest-energy adatom configuration.
As for the doping configurations, we computed the for-
mation energy as a function the bismuth chemical poten-
tial µBi under Zn–rich and Zn–poor conditions, assum-
ing a chemical equilibrium between the doped nanowire
and the reservoirs of its constituent atoms. The forma-
tion energy is given by ∆Hf = [E(nanowire + m Bi) −
E(nanowire) + E(Zn) − mE(Bi)] + µZn − mµBi, where
m denotes the number of Bi atoms transferred from the
bismuth reservoir to the doped nanowire, i.e., m=1 for
[(ZnO)24]5:BiZn and m=2 for [(ZnO)24]5+Bi:BiZn. Here
E(Zn) denotes the energy per atom of bulk Zn metal,
which is set as the zero of the zinc chemical potential µZn.
Zn–rich and Zn–poor conditions correspond respectively
to µZn = 0 and µZn = ∆HN , where ∆HN denotes the heat
of formation (per formula unit) of the nanowire made of
N Zn–O pairs, due to the chemical equilibrium between
the nanowire and the reservoirs of its constituent atoms.
Note that the latter sets the range of values for the oxy-
gen chemical potential µO as well, since µZn+µO = ∆HN .
III. RESULTS AND DISCUSSION
For the optimized atomic structures displayed in
Figs. 1(a) and 1(b), viz. [(ZnO)24]5:BiZn and
[(ZnO)24]5+Bi:BiZn, the SO-split conduction bands are
shown in Figs. 1(c) and 1(d), respectively. It is seen that
the dispersion of the these bands is accurately described
by the solid curves (in blue and red) that represent fits
in the form
±(k) =
~2
2m∗
k2 ± αk, (1)
which resembles the Bychkov-Rashba expression[27].
The values for the effective mass m∗ and the linear coeffi-
cient α are given in Table I where the expectation values
〈m〉± of the magnetization density m(r) corresponding
to the ± bands are also given. Although these α values
appear to be small compared to the values of the Rashba
parameter αR in “giant” Rashba systems such as Pt–Si
nanowires[7], it should be remarked that the SO splitting
here is obtained by adding a single heavy atom to a light
oxide, corresponding to a low (i.e., one Bi atom per 120
TABLE I. The values for the effective mass m∗ (in free-
electron mass), the coefficient α (in eVA˚), and the expectation
value 〈m〉± of the magnetization density (in Bohr magneton).
System m∗ α 〈m〉±
[(ZnO)24]5:BiZn 0.36 0.080 (∓0.11, ±0.46, ∓0.03)
[(ZnO)24]5+Bi:BiZn 0.39 0.095 (±0.04, ±0.32, ±0.34)
3(a)
(e)
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(f)
FIG. 1. Optimized atomic structures for (a) [(ZnO)24]5:BiZn and (b) [(ZnO)24]5+Bi:BiZn. [(c) and (d)] SO-split conduction
bands for structures in (a) and (b), respectively. [(e) and (f)] Plots showing the variation of the splitting energy ∆ with the
wave vector k.
Zn–O pairs) concentration. This is appealing because
enhancing spin-orbit coupling is usually accomplished by
using significant amounts of heavy elements. The α val-
ues in Table I are indeed of the same magnitude as the αR
values in III-V heterostructures[38], making us expect Bi-
doped ZnO nanowires find use in spintronic devices. The
linear k dependence of the band energies ± in the vicin-
ity of the conduction band minimum (CBM) is further
confirmed by plotting the splitting energy ∆ = + − −
with respect to the wave vector k in Figs. 1(e) and 1(f).
The contribution from Bi to the states of the bands in
Fig. 1(c) [Fig. 1(d)] is in the range of 3–4 % [6–7 %], cf.
Fig. S1 (see Ref. 39 for Supplemental Material), showing
that these bands are predominantly derived from the re-
spective conduction bands of the host (ZnO) nanowire.
Hence the states of the SO-split bands have more of char-
acter of extended states that facilitate (spin-polarized)
electrical conduction.
Consider, for the purpose of interpretation, a
Kramers doublet with two-component spinor wave func-
tions ψ−k (r) = ψk(r)
[
cos θ2e
−iφ2
sin θ2e
iφ2
]
and ψ+k (r) =
ψ∗k(r)
[
− sin θ2e−i
φ
2
cos θ2e
iφ2
]
where ψk(r) = e
ik·ruk(r) denotes
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FIG. 2. (a) The uv plane that is perpendicular to 〈m〉± and
the uvw coordinate system are shown for [(ZnO)24]5:BiZn. (b)
A drawing showing the w-component of BSO in the direction
parallel to 〈m〉−.
the wave function of the respective Bloch state in the ab-
sence of the SO interaction. The expectation value of the
SO interaction operator[40] with ψ−k (r) can be expressed
as
〈ψ−k |HSO|ψ−k 〉 = −〈m〉− · 〈BSO(k)〉, (2)
where 〈BSO(k)〉 =
∫
ψ∗k(r)BSOψk(r)d
3r is the k-
dependent matrix element of the operator BSO =
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FIG. 3. The arrows represent [(a) and (b)] the potential gradient on the uv plane that is perpendicular to 〈m〉± and [(c) and
(d)] the vector quantity (
∫
∂V
∂u
dw,
∫
∂V
∂v
dw) for [(a) and (c)] Bi-doped and [(b) and (d)] undoped ZnO nanowires. Colored
contour plots of [(a) and (b)] the CBM state charge density |ψCBM|2 and [(c) and (d)] the integrated quantity
∫ |ψCBM|2dw are
superimposed.
(−~∇V×p)/2emc2 (in the nonrelativistic limit). A similar
equation follows for 〈ψ+k |HSO|ψ+k 〉, but for our purpose it
suffices to focus on 〈ψ−k |HSO|ψ−k 〉. According to Eq. (2),
a linear-in-k SO splitting as in Eq. (1) occurs only if
(i) 〈m〉− is nonzero and (ii) 〈BSO(k)〉 has nonzero compo-
nents in the direction parallel to 〈m〉−. The condition (i)
is satisfied for [(ZnO)24]5:BiZn and [(ZnO)24]5+Bi:BiZn
as indicated by the 〈m〉± values given in Table I. In other
words, the Bi incorporation leads to magnetization of the
two lowest CB states although the total magnetic mo-
ment M =
∫
m(r)d3r is zero for both [(ZnO)24]5:BiZn
and [(ZnO)24]5+Bi:BiZn. It remains to see if the condi-
tion (ii) is also satisfied. It is convenient to use the uvw
coordinate system depicted in Figs. 2(a) and 2(b) where
wˆ denotes the unit vector in the direction of 〈m〉−. Be-
cause of the dot product in Eq. (2), we are interested
only in the w-component of 〈BSO(k)〉 that is perpen-
dicular to the uv-plane, cf. Fig. 2(b). The latter, i.e.,
〈BSO(k)〉 · wˆ, involves ∂V/∂u and ∂V/∂v, and does not
have any term with ∂V/∂w owing to the cross product in
the definition of BSO. In this line of reasoning, the ori-
gin of the SO splitting of the bands of [(ZnO)24]5:BiZn,
cf. Fig. 1(c), is sought by plotting the potential gradi-
ent ~∇V on the uv plane in Fig. 3(a) where a colored
contour plot of the state charge density |ψCBM|2 is su-
perimposed. Respective plots for the undoped nanowire
[(ZnO)24]5 are given in Fig. 3(b) for comparison. The
arrows in Figs. 3(a) and 3(b) show the spatial inhomo-
geneity and asymmetry in the ∂V/∂u and ∂V/∂v com-
ponents of the potential gradient, which gives rise to the
effective field BSO, and thus implies the satisfaction of
the aforementioned condition (ii). The centrosymmetric
pattern of arrows around the Bi atom in Fig. 3(a) should
be noticed, indicating that the Bi atom would not make
an appreciable contribution to BSO. The inhomogene-
ity of the potential gradient is further characterized in
Figs. 3(c) and 3(d) with the aid of integrated quantities
(
∫
∂V
∂u dw,
∫
∂V
∂v dw) and
∫ |ψCBM|2dw. A comparison of
the arrows in Fig. 3(a) [Fig. 3(c)] with those in Fig. 3(b)
[Fig. 3(d)] also indicates that the foregoing spatial inho-
mogeneity is not induced by the dopant. However, as
will be elaborated in the Appendix, the incorporation of
the dopant reduces the symmetry of the potential, ren-
dering the CBM wave function to possess a lower sym-
metry. If the symmetry of the latter was conserved (i.e.,
remained the same as in the undoped ZnO nanowire), the
matrix element 〈BSO(k)〉 in Eq. (2) would vanish, and no
SO splitting could occur (which is clearly not the case).
Nonetheless, the change in the potential gradient due to
the dopant is small, as quantified in the Appendix. It can
accordingly be said that the effective field BSO originates
mostly from the nonvanishing potential gradient of the
host (ZnO) nanowire, owing to its noncentrosymmetric
(wurtzite) structure. In sum, on one hand the donation
of electrons of the Bi dopant leads to magnetization of
the CB states, and on the other hand, the inhomogeneity
of the potential gradient of the host nanowire gives rise
to an effective SO field BSO. Considering a Zeeman-type
interaction, according to Eq. (2), between BSO and the
conduction electrons in the foregoing CB states explains
the SO splitting of the bands shown in Figs. 1(c) and
1(d).
It is discernible in Figs. 3(a) and 3(c) that the CBM
wave function is slightly localized in the regions close
to the dopant, which has nevertheless comparable con-
tributions from the dopant and host atoms. The latter
precludes formation of a two-dimensional (2D) electron
gas [although the lowest conduction bands in Fig. 1(c)
are partially occupied], which means that the SO split-
ting in Bi-doped ZnO nanowire does not originate from
the Rashba interaction[27]. It should also be pointed
out that the band splitting in Figs. 1(c) and 1(d) is not
caused by the Dresselhaus effect[26] since the Dressel-
haus spin splitting does not occur along the kz direction
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FIG. 5. The variation of the linear coefficient α introduced in
Eq. (1) with the number of Bi atoms per ZnO unit and (the
inset) the supercell length L along the wire axis.
in wurtzite semiconductors[41] such as ZnO[42].
In order to see if doping a ZnO nanowire with elements
other than Bi causes a spin splitting along the momen-
tum axis as in Fig. 1(c), we repeated geometry optimiza-
tions and electronic structure calculations by replacing
Bi with Tl, Au, or Sb. Figures 4(a)-4(d) display the
electronic energy bands calculated for [(ZnO)24]5:BiZn,
[(ZnO)24]5:SbZn, [(ZnO)24]5:TlZn and [(ZnO)24]5:AuZn,
respectively, which are colored to reflect the percent
contribution from the dopant (Bi, Sb, Tl, or Au) to
the electronic states. The coloring is accomplished by
computing the contributions from the dopant and host
(Zn and O) atoms that are obtained by projecting the
state wave functions onto spherical harmonics within a
sphere around each atom. We see that the SO split-
ting in [(ZnO)24]5:SbZn is virtually negligible, which is
as anticipated because the SO effects are much less pro-
nounced for a lighter (Sb) atom compared to a heavier
(Bi) atom. We find in fact that the value of α computed
for [(ZnO)24]5 : SbZn is an order of magnitude smaller
than the respective value for [(ZnO)24]5:BiZn. On the
other hand, doping with heavy elements Tl or Au results
in a nonzero magnetic moment owing to formation of
gap states with flat dispersion, cf. Figs. 4(c) and 4(d).
Thus, the SO splitting of CBM in [(ZnO)24]5 : TlZn and
[(ZnO)24]5 : AuZn occurs along the energy (as opposed
to momentum) axis.
Figures 5 and S2 (see Ref. 39 for Supplemental Ma-
terial) show the variation of the linear coefficient α in-
troduced in Eq. (1) with the Bi concentration for a set
of host nanowires [(ZnO)N ]n with increasing thicknesses
corresponding to N = 24, 54, and 96. For each value of
N , a parameterization of α as a function of the supercell
length L along the wire axis was performed, introducing
two parameters A and λ, which is shown in the inset of
Fig. 5. The latter is used to plot α versus the number of
Bi atoms per ZnO unit [Fig. 5] and the Bi concentration
in units of cm−1 [Fig. S2 (see Ref. 39 for Supplemental
Material)]. We see that α tends to reduce as the Bi con-
centration diminishes, which is in line with the fact that
the linear-in-k splitting does not occur in the absence of
the dopant. Furthermore, the thicker the host nanowire
the smaller the α value in Fig. 5. It is thus clear that
the value of α, which manifests the degree of linear-in-k
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FIG. 6. (a) Optimized atomic structure for [(ZnO)24]5+Bi. (b) The formation energies of [(ZnO)24]5:BiZn and
[(ZnO)24]5+Bi:BiZn as a function of the Bi chemical potential µBi under Zn–rich and Zn–poor conditions; the zero of µBi
is set to E(Bi). [(c),(e), and (g)] The trajectories of atoms for (c) [(ZnO)24]5:BiZn (e) [(ZnO)24]5, and (g) [(ZnO)24]5+Bi:BiZn,
attained from the position of atoms averaged over every 100 MD steps, in the course of ab initio MD simulations; only five O
and ten Zn atoms of the host nanowire are shown, which correspond to the first- and second-neighbors of the two Bi atoms
in (g). [(d),(f), and (h)] The respective graphs showing the temperature T (in black) versus MD steps, where the thermostat
temperature T¯ is marked in red.
splitting, could be tuned by adjusting the dopant concen-
tration. The latter can be achieved by either decreasing
the amount of the dopants (for a given ZnO nanowire) or
increasing the number of Zn–O pairs, i.e., using a thicker
nanowire. Consequently, doping-induced spin splitting in
Bi-doped ZnO nanowires could be tuned and controlled
by not only adjusting the amount of the dopants but also
choosing a host nanowire of an adequate thickness.
Bismuth has a low solubility in zinc oxide, which is
known to give rise to the Bi segregation observed in ZnO
varistors[24, 43]. In accordance with this, our theoreti-
cal characterization[22] of Bi-doped ZnO nanowires in a
site-specific manner (as regards the location and charge-
state of the dopant) showed that the dopant (Bi) atoms
are predominantly substituted into the Zn sites on the
nanowire surface. This implies that the doping configu-
ration displayed in Fig. 1(a) would abound in the defect
structure of Bi-doped ZnO nanowires. Here we employ
defect calculations to see if the configurations displayed
in Figs. 1(a) and 1(b) could be realized by putting the
host nanowire into contact with a reservoir of bismuth.
Thus, the formation energy of the Bi dopant in these con-
figurations is plotted as a function of the Bi chemical po-
tential µBi in Fig. 6(b) under Zn–rich as well as Zn–poor
conditions. The formation of an adsorbed Bi atom, de-
noted as [(ZnO)24]5+Bi, is also considered, for which the
lowest-energy configuration is shown in Fig. 6(a). The
values of µBi corresponding to an equilibrium of the fore-
going doping configurations with a reservoir consisting of
(i) the Bi monomer gas, (ii) the Bi2 dimer gas[44], (iii)
the adsorbed Bi atoms, or (iv) the Bi solid are marked
in Fig. 6(b). It is seen that the formation energies of
[(ZnO)24]5:BiZn and [(ZnO)24]5+Bi:BiZn are both nega-
tive under Zn–poor (i.e., O–rich) conditions, regardless
the bismuth reservoir. Hence these doping configurations
can clearly be realized by putting the host nanowire into
contact with an adequate reservoir of Bi under controlled
thermodynamic conditions.
The stability of the foregoing doping configurations,
cf. Figs. 1(a) and 1(b), is examined, in a relative man-
ner, by performing ab initio MD simulations at tempera-
ture 600 K. The trajectories of atoms for [(ZnO)24]5:BiZn,
[(ZnO)24]5, and [(ZnO)24]5+Bi:BiZn attained from the
position of atoms (averaged over every 100 MD steps)
are displayed in Figs. 6(c), 6(e), and 6(g), respectively.
The respective graphs of the temperature T (also aver-
aged over every 100 MD steps) versus MD steps are given
in Figs. 6(d), 6(f), and 6(h), which show that the tem-
perature fluctuations are restricted to an interval of 20 K
about the thermostat temperature T¯ = 600 K. The dura-
tion of our MD simulations is 5 ps (excluding the equili-
bration stage of 1 ps), which is likely shorter than needed
for a complete prediction of the dynamical behavior of the
studied systems. Nevertheless, it is clear from Figs. 6(c),
6(e), and 6(g) that not only the host (Zn, O) atoms but
also the Bi dopant and adatom show a tendency to re-
store their equilibrium positions at a temperature (600
K) considerably higher than room temperature. Whereas
the Bi adatom [Fig. 6(g)] has the greatest displacement,
the Bi dopant [Fig. 6(c and g)] has the least displacement
in comparison to the displacements of the host (Zn, O)
atoms. This indicates that the Bi-doped ZnO nanowire
is in fact as stable as the undoped ZnO nanowire, which
is also supported by an overall comparison of the trajec-
tory plots in Figs. 6(c) and 6(e). Furthermore, although
our MD simulations were not intended to study the dif-
7fusion characteristics of Bi species on the surface of the
ZnO nanowire, it is clear from Fig. 6(g) that the pres-
ence of the Bi adatom does not harm the stability of the
substitutional Bi dopant.
IV. CONCLUSION
The present investigation demonstrates that doping
a semiconducting nanowire with a heavy element could
be an effective means to lift Kramers degeneracy of
the conduction-band states. In particular, doping ZnO
nanowires with Bi is identified as a means to design
quasi-one-dimensional materials for spintronic applica-
tions, thanks to the occurrence of the linear-in-k spin-
orbit splitting explored in this study. It is noteworthy
that the degree of the linear-in-k spin splitting, which
would facilitate the control of spin-polarization of the
conduction electrons in Bi-doped ZnO nanowires by ap-
plying external electric fields, could be tuned by adjust-
ing the dopant concentration. Our findings suggest that
Bi-doped ZnO nanowires, which are found to be stable
under reasonable thermodynamic conditions, could be
used in spintronic applications.
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Appendix: Lowering of the symmetry in the
presence of the dopant
From the perspective of symmetry, the linear-in-k SO
splitting in Eq. (1) cannot be attributed to the host
(ZnO) nanowire. Since the irreducible representations
of C6v compatible with spin are doubly-degenerate, no
spin splitting occurs along the Γ-A direction of the
wurtzite Brillouin zone[45]. This is also valid for the ZnO
nanowires employed here, whose point group is C6v, in
the absence of the Bi dopant, cf. Fig. S1(a) (see Ref. 39
for Supplemental Material). It is thus clear that the SO
splitting explored here occurs due to lowering of the sym-
metry in the presence of the dopant. Here we present an
analysis of the latter in terms of doping-induced changes
in the potential gradient and the CBM wave function
since the expectation value of the SO interaction opera-
tor involves both, cf. Eq. (2). This analysis is conducted
by plotting the yz planar average of the state charge den-
sity ρ = |ψk|2 in Fig. 7(a) and the potential gradient
∂V/∂x in Fig. 7(b) with respect to x, where k is set as
the wave vector at which the CBM occurs. It is instruc-
tive to compare the Bi-doped nanowire to not only the
(a)
(b)
x (Å)
center 
BiSb
of 
nanowire
FIG. 7. The curves in red, green and black represent the
plots of the yz planar average of (a) the state charge den-
sity 〈ρ〉 and (b) the potential gradient 〈∂V/∂x〉 versus x, cf.
Fig. 2, for [(ZnO)24]5:BiZn, [(ZnO)24]5:SbZn and [(ZnO)24]5,
respectively. The vertical dash-dot lines mark the center of
nanowire (black) as well as the positions of Bi (red) and Sb
(green) atoms on the x axis.
undoped nanowire but also the Sb-doped nanowire be-
cause [(ZnO)N ]n:BiZn and [(ZnO)N ]n:SbZn possess the
same symmetry. As respectively seen in Figs. 7(a) and
7(b), both 〈ρ〉 and 〈∂V/∂x〉 have asymmetric profiles in
the presence of the dopant (Bi or Sb), which could be
explained by noting that the reflection symmetry with
the mirror plane at the center of the nanowire is lost
when the dopant is incorporated. It is also seen that
the doping-induced change in 〈∂V/∂x〉 is not noteworthy
whereas the change in 〈ρ〉 shows a significantly asym-
metric profile, as will be quantified in the next para-
graph. Comparing the curves for [(ZnO)N ]n:BiZn and
[(ZnO)N ]n:SbZn in Fig. 7(b) to each other, it is seen that
the change in the potential gradient is quite indifferent to
the type of dopant, which is seemingly not the case with
the state charge density since the red curve, in compari-
8son to the green curve, is in a larger deviation from the
black (symmetric) curve in Fig. 7(a). These comparisons
show that the essential difference between doping with Bi
and Sb pertains mostly to the change in the CBM wave
function, rather than the potential gradient. This means
that reducing the symmetry of ~∇V would not necessarily
produce a SO splitting as in Eq. (1); it must be accom-
panied by the adequate modification of the state wave
function to a lower symmetry, cf. Fig. 7(a), as in the
case of [(ZnO)N ]n:BiZn.
The lowering of the symmetry in the presence of
the dopant (Bi or Sb) can be quantified by intro-
ducing the following quantities: I =
∫
dx〈ρ〉〈∂V∂x 〉,
I0 =
∫
dx〈ρ0〉〈∂V0∂x 〉, IV =
∫
dx〈ρ〉〈∂∆V∂x 〉, and Iρ =∫
dx〈∆ρ〉〈∂V∂x 〉, where ∆V (r) = V (r)−V0(r) and ∆ρ(r) =
ρ(r)− ρ0(r), and ρ(r) and V (r) [ρ0(r) and V0(r)] denote
the state charge density and potential of the doped [un-
doped] nanowire. Note that (i) I = I0 + IV + Iρ; the
computed value of I = 0.08 eV for [(ZnO)24]5:SbZn is
half of that for [(ZnO)24]5:BiZn for which I = 0.16 eV.
(ii) I0 involves only the host-related quantities, and so
I0 = 0 owing to the symmetry of the undoped ZnO
nanowire. (iii) IV and Iρ are “measures” of the de-
gree of doping-induced asymmetry due to the change
in the potential and in the state charge density, respec-
tively. We obtain IV = −0.03 eV for both [(ZnO)24]5:BiZn
and [(ZnO)24]5:SbZn whereas Iρ = 0.19 and 0.11 eV for
[(ZnO)24]5:BiZn and [(ZnO)24]5:SbZn,respectively. Note
that IV take the same value for both dopants, which is
significantly smaller than the respective Iρ values. This
means that the doping-induced asymmetry due to the
changes in the state wave function, rather than in the
potential gradient, is pronounced. Accordingly, what re-
ally differentiates the cases of doping Bi versus Sb is the
lowering of the symmetry of the CBM wave function.
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S-1
SUPPLEMENTAL MATERIAL
• Figure S1 displays the electronic energy bands
calculated for [(ZnO)24]5, [(ZnO)24]5:BiZn,
[(ZnO)24]5+Bi:BiZn, [(ZnO)24]5+Bi, which are
colored according to the contribution of atoms.
• Figure S2 shows the plot of the linear coefficient α
versus the Bi concentration in units of cm−1.
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FIG. S1. The electronic energy bands calculated for (a) [(ZnO)24]5, (b) [(ZnO)24]5:BiZn, (c) [(ZnO)24]5+Bi:BiZn, and (d)
[(ZnO)24]5+Bi. The circles are colored to reflect the percent contribution from Bi to the electronic states. The latter is
computed by using the contributions from Bi, Zn, and O atoms that are obtained by projecting the state wave functions onto
spherical harmonics within a sphere around each atom. The upper panels show a close-up view of the two lowest conduction
bands.
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FIG. S2. The variation of the linear coefficient α with the Bi
concentration and (the inset) the supercell length L along the
wire axis.
